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IRRADIATION BEHAVIOR OF
URANIUM-FISSIUM ALLOYS

by

J. H. Eittel, J. A. Horak,
W. N. Beck, and R. J. Fousek

ABSTRACT

A series of uranium-fissium and uranium-fissium-
zirconium alloys was irradiated in thermal test reactors to
study the relationship of dimensional stability to alloy com-
position, thermal cycling, burnup, irradiation temperature,
postirradiation heating, and cladding restraint. Uranium-
atom burnups as highas 6.2% were achieved, and center fuel
temperatures were in the range of 170-790°C. None of the
alloy compositions tested showed irradiation behavior supe-
rior to the uranium-5 wt % fissium alloy that has been used
as driver fuel in EBR-II since it began operation. This alloy
is among those uranium-base alloys most capable of resist-
ing high-temperature irradiation swelling. None of the alloys
showed evidence of the reversion to the metastable gamma
phase that has been observed in comparable uranium-
molybdenum alloys. Swelling of uranium-fissium alloys was
effectively restrained by most of the 0.009-in.-thick cladding
materials investigated. Local hydrostatic forces due to
swelling of the fuel caused the fuel to extrude extensively out
of small vent holes in the cladding. Little axial fuel move-
ment occurred within the cladding., however, even when the
upper fuel surface was entirely unrestrained.

I. INTRODUCTION

EBR-II (Experimental Breeder Reactor No.II) was originally de-
signed and constructed by Argonne National Laboratory to provide a small-
plant demonstration of a sodium-cooled fast-breeder-reactor power plant
with a "quick-turnaround" fuel cycle. The thermal power output of the
reactor is 62.5 MW. Following successful demonstration of the plant and
the fuel cycle, the plant was adapted to serve as a fast-reactor irradiation
test facility.

The metallic uranium-fissium alloy originally specified to fuel
EBR-II to demonstrate the "quick turnaround" has been retained as the
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driver fuel for operation of EBR-II as a test reactor. The relatively low
cost of the fuel, its demonstrated reliability, and its desirable neutronic
characteristics made it the preferred choice for continued operation of the

reactor

Uranium-fissium alloy is a product of the on-site pyrometallurgical
reprocessing facility. Until recently, discharged fuel from the reactor was
remotely processed, fabricated, and assembled into fuel elements in this

facility for reinsertion into the reactor.

During pyrometallurgical reprocessing of the uranium, most of the
fission products are removed from the molten fuel in a zirconia crucible
by a melt-refining process. Relatively volatile fission products such as
cesium and the rare gases boil off. Barium, strontium, and the rare-
earth metals form adherent reaction layers with the wall of the zirconia
crucible. The fission products remaining in the melt are principally zir-
conium, niobium. molybdenum, technetium, ruthenium. rhodium, and palla-
dium. These elements cannot be removed from uranium by oxidative
slagging. because the free energies of formation of their oxides are too
close to that of uranium oxide. Zirconium, however, can be removed if
desired by a drossing reaction with carbon.

This group of fission products that remain in the fuel have been
termed "fissium" (symbol Fs). During repeated fuel recycling, the con-
centration of fissium in the alloy will build up to an equilibrium level that
depends upon the frequency of reprocessing and the amount of fresh fuel
added during each reprocessing cycle. The ratios of fission products
comprising the fissium. however, will remain relatively constant. Their
relative proportions, in weight percent, are approximately 1.3 zirconium.
0.1 niobium, 43.2 molybdenum, 12.5 technetium, 33.2 ruthenium,

5.9 rhodium, and 3.8 palladium.

The fissium elements were to be allowed to accumulate at a level
of 5 wt % in the EBR-II uranium driver fuel. A synthetic U-5 wt % Fs
alloy was specified for the original driver fuel! to minimize changes in
fuel properties with repeated recycling of the fuel. Natural isotopes of the
fissium elements were used in the synthetic fuel, and additional amounts of
molybdenum and ruthenium were used as a substitute for technetium. Ex-
perimental studies have shown that the properties of uranium-fissium
alloys in which molybdenum and ruthenium are substituted for technetium
do not differ significantly from those of uranium-fissium alloys containing
normal amounts of technetium.? Synthetic fissium alloys were also used
for the study reported here. A typical fissium composition in the synthetic
alloys is, in weight percent, 49.2 molybdenum, 3.6 palladium, 6.0 rhodium,
40.2 ruthenium, and 1.0 zirconium.
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The operating cost of EBR-II can be lowered by increasing the
achievable burnup in the uranium-fissium alloy driver fuel (now being pro-
cured from commercial sources). Interest has therefore continued in the
results of an extensive series of irradiation experiments that examined the
effects of high burnup on several different uranium-fissium alloys. Most
of the results of these experiments have been previously reported only in
internal memoranda. This report has been compiled to collect the results
into a single document and to make the information more readily available.
Results have previously been published on more limited irradiation studies
on uranium-fissium alloys® % as well an on uranium-plutonium-fissium
alloys.'r"9

The experiments described in this report were concerned primarily
with the dimensional stability of uranium-fissium alloys as affected by
irradiation conditions, alloy composition, and cladding restraint.

II. PROPERTIES OF URANIUM-FISSIUM ALLOYS

The physical properties, transformation kinetics, and microstruc-
tures of uranium-fissium alloys have been reported in detail.!®"!* Phase
relations in the uranium-fissium system have been shown to parallel closely
those in the U-Mo-Ru ternary system. The developed microstructure is
quite sensitive to cooling rate. Upon rapid cooling, the high-temperature
gamma phase is retained as a metastable solid solution at room tempera-
ture. This phase is characterized by low hardness and low density. Slower
cooling rates result in precipitation
of U,Ru from the gamma solid solu-
/. tion and partial transformation of
gamma to alpha uranium at lower
temperatures. The latter is a
harder, higher-density phase.

600 ol .
chia il The uranium-rich corner of

the U-Mo-Ru ternary system is

shown in Fig. 1.!* The portion of the

vertical section shown is that in

Tl i G A L e AR L which the weight ratio of molybdenum
3 4 5 6 7 8 9 0 " 2 ¢ = ; ;

WEIGHT PERCENT (Mo +Ru) to ruthenium is 1.25, which approxi-

mates that in the fissium alloys.

TEMPERATURE, °C

e b a+8+ UsRu

Fig. 1. Vertical Section through the Uranium-rich
Corner of the U-Mo-Ru Ternary Systemat a
Mo/Ru Weight Ratio of 1.25 (from Ref. 13). Although pure gamma ura-
Neg. No. MSD-30162. nium is unstable below 769°C, the
alloyed gamma phase in uranium-
fissium alloys persists as a stable phase down to 552°C. The temperature
at which beta phase forms is lowered from 759 to 682°C by only 3 wt %
fissium. Formation of the beta phase is entirely suppressed by higher



fissium contents, the gamma phase, on cooling, transforms directly to
alpha. Other phases found in uranium-fissium alloys are U,Ru, ZrRu, and
a low-temperature phase that 1s 1sostructural with the delta phase in the

uranium-molybdenum system.

On cooling U-5 wt % Fs alloy (the alloy of greatest interest),‘single-
phase gamma is stable down to 725°C. With slow cooling. precipitation of
U,Ru begins at 725°C and continues down to 642°C, at which temperature
gamma begins to reject alpha. The formation of delta begins at 552°C. With
normal cooling rates associated with injection casting, however, U-5wt % Fs
alloy does not completely transform and is. in fact predominantly gamma.

If zirconium were not removed during reprocessing. the composition
of the fuel could be designated as a uranium-fissium- zirconium alloy. Under
these circumstances, the additional zirconium could be present in amounts
as great as half the total fissium content, so the equilibrium fuel composition
could be U-5 wt % Fs-2.5 wt % Zr. In contrast to the uranium-fissium
alloys, alloys of the uranium-fissium- zirconium type are predominantly
alpha phase because the zirconium removes ruthenium. a gamma-phase
stabilizing element, from the gamma solid solution to form the compound
ZrRu

III. SPECIMEN MATERIALS

Most of the experimental irradiations in the present study were
made on the EBR-II driver fuel alloy, U-5 wt % Fs. and on the closely re-
lated alloy U-5 wt % Fs-2.5 wt % Zr. As mentioned in Sec. II, the compo-
sition of the latter alloy is similar to one that could result if zirconium
were not removed during reprocessing of spent fuel. To explore the effect
of wider variations in composition, irradiations were also made on the
alloys U-3.3 wt% Fs-1.7wt% Zr, U-3.7 wt% Fs, U-6.7 wt % Fs-3.3 wt%
Zr, and U-10 wt % Fs-5 wt % Zr.

The EBR-II Mark IA fuel pin is 0.144 in. in diameter and 13.50 in.
long. It 1s sodium-bonded to a Type 304L stainless steel tube having an
internal diameter of 0.156 in. and a wall thickness of 0.009 in. Experi-
mental irradiations of full-length fuel elements were not considered essen-
tial to evaluate the irradiation behavior of the fuel material itself. A
shorter length, 1.00 in., was therefore selected as a convenient specimen
size that could be adapted in multiple numbers for capsule irradiations.

It was considered essential, however. that the diameter of the
specimens matched that of an actual reactor fuel pin and that the specimens
were made by the fabrication procedure used for the actual pin. This re-
quirement was met by producing a number of full-length fuel pins and cutting
them into the shorter length for irradiation. The injection-casting process,'®



which had been selected for remotely fabricating the fuel pins for EBR-II,
was used to produce the full-length pins. In this process, Vycor glass
molds, approximately 17 in. long, are suspended, open ends down, above
the crucible. The fuel alloy is melted and heated to the desired casting
temperature under a protective atmosphere. The furnace is then evacuated,
and the crucible is raised to submerge the open mold tips in the melt.
After a predetermined delay of a few seconds, the furnace is then pres-
surized to force molten-metal columns upward in the evacuated molds.
After the charge has been cooled to room temperature and removed from
the furnace, the molds are broken away from the castings. The castings
are about 16 in. long.

Master alloys of the highest alloy contents were made first and
analyzed. Succeeding alloys were then made by dilution. The master alloys
were vacuum-melted in magnesia crucibles and bottom-poured into thoria-
coated graphite molds. For injection casting, the master alloys were melted
with uranium dilutions as required in thoria-coated graphite under vacuums
near 8 x 10°* mm Hg. Casting temperatures were near 1350°C, so most of
the compositions had 300°C of superheat. Two 2*°U enrichments, 10 and 20%,
were used. Table I shows the analyzed compositions of the castings used in
the investigation. Subsequent tables of experimental results in this report
show the casting number as part of the original specimen number. The
location and top-and-bottom orientation of each specimen in the original
injection casting were noted.

Figure 2 shows a typical specimen before irradiation.

Fig. 2

Typical Specimen before Irradiation.
Mag. 2X. Neg. No. MSD-23438.

TABLE |. Composition of Alloys Used for Irradiation Specimens

Nominal Uranium |sotopic
Composition,@ Composition,3 wt % Composition,b

Casting LR C, N, Sy Slils I b 1
No. Fs Zr Mo Pd Rh Ru 2y ppm ppm 234y 235y 236y
E-3F-1C 2.3 L 1.64 0.124 0.148 1.28 1.58 2 c 0.887 10.24 0.047
EE2 3.7 0 1.67 0.18 0.23 1.68 0.03 c © 0.113 10.4 0.0492
E3 3.7 0 1.67 0.16 0.26 1.64 0.03 c C 0.115 10.5 0.0494

1-E-4 3.7 0 c (] c c ( c (z c C c

1-E-5 3.7 0 c (¢ c [ i c & c c ¢
E-16F-236 5 0 2.46 0.185 0.302 2.01 0.049 660 1 0.115 10.55 0.047
E-B16F-235 5 0 2.46 0.482 0.805 112 0193 59 2 0.201 20.26 0.107
E-3F-1B 5 25 2.50 0.198 0.288 2.06 2.60 18 22 0.103 10.70 0.051
E-3F-1A o 2! 2.46 0.194 0.281 2.01 2.61 14 20 0.203 20.42 0.106
E-SF-2A 6.7 %3 3.30 0.263 0.363 2.74 3.50 22 26 0.100 10.24 0.050
E-SF-1A 10 5 5.13 0.412 0.562 424 5.39 31 11 0.098 10.02 0.048

Balance uranium.
bBalance 238y,
CNot available.

18
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1V. IRRADIATION PROCEDURE

Before irradiation, each specimen was measured for dimensions,
weight, density, and hardness. The densities were determined by weight
loss while the specimens were immersed in CCLy4. All specimens were
radiographed for detection of internal porosity. Metallographic examinations
were made on representative castings of each melt. No machining was done
on the outer diameter of the fuel specimens, nor was any further heat treat-
ment performed.

All specimens were irradiated in capsules while they were sub-
merged in NaK. Most of the irradiations were made in uninstrumented
capsules in the MTR (Materials Testing Reactor). Figure 3 shows the
design of a typical MTR capsule. Preliminary values of burnup were ob-
tained from values of thermal-neutron flux
indicated by flux monitors made of cobalt-
0.1 wt % aluminum alloy. Final values of

FLUX MONITOR

burnup were obtained from determination of
e the changes in uranium isotope ratios, using
the relation'®
I\
~ N~ FUEL SPECIMEN 1305 Ng[(Rg/B = RS/B) r (R6/8 - R%/B)]:
ﬂr
1B where
S 1 Nb— FLux uomiTor
Uit i
w: F; = at. % fission due to “°U,
R
'\J | — FUEL SPECIMEN Ng = at. % 281 preirradiated
= ‘ A fuel,
u Al — s vonros RY/s = initial 25U/2*8U atom ratio,
< f : s
S “i/l/ R = el S0 e weiEe
|
N
Ry = initial 2°U/?8U atom ratio,
J and
RS
R¢/g = final 7‘36U/238U atom ratio.
Fig. 3. Irradiation Capsule Used
for MTR Liradiations. ANL : From the analyzed atom burnup of the
Neg. No. 106-4083. uranium, it was possible to calculate the per-

turbed flux and hence the maximum power density
for the fuel specimens. The dependence of surface and center temperatures
of 1.:he specimen on power density was experimentally determined in a series
of instrumented capsules in the CP-5 reactor. Small-diameter thermo-

couples were located in the centers of fuel specimens and in the NaK adja-
cent to the specimens.

Near the latter part of this investigation, the CP-5 reactor fuel ele-
ments w?:e modified!” so that instrumented temperature-controlled
capsules'® could be accommodated. The final experimental irradiations of



uranium-fissium alloys were performed in these facilities, including all
experiments in which the fuel specimens were clad. Figure 4 shows a typi-
cal CP-5 capsule assembly. As for the MTR capsules, the relationship
between the surface and center temperatures of the specimen and the power
density was determined by thermocouples in the centers of the specimens
and in the NaK adjacent to the specimens.

2"

FUEL

THERMOCOUPLE (2) PLUG SODIUM

HEATER LEAD NaK LEVEL A

1/16" SS THERMOCOUPLES (4) HEATER COIL

SECTION A-A

Fig. 4. Irradiation Capsule Used fer CP-5 Irradiations. ANL Neg. No. 106-6079 Rev. 1.

The MTR irradiations were made on specimens enriched to 10% 23°U.
The CP-5 irradiations were made on specimens with 235 enrichments of
both 10 and 20%. Use of the more highly enriched specimens enabled high
fuel burnups to be achieved with irradiation times of 12-14 months.

The same measurements as those made before irradiation (with the
exception of hardness) were made on all irradiated specimens. After irradi-
ation, all capsules were opened and the contents examined under an inert
atmosphere. Considerable use was made of a pinhole autoradiographic tech-
nique19 for nondestructively determining the condition of the specimens
before the capsules were opened. This technique was also used to determine
nondestructively the length of the fuel column in the clad specimens after
irradiation.

V. RESULTS AND DISCUSSION

A. Unclad Specimens

Tables II- VII summarize the irradiation conditions and the informa-
tion obtained on each specimen. Figures 5-10 show photographs of typical
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TABLE II. Effects of Irradiation on Unclad Specimens of U-3.3 wt % Fs-1.7 wt % Zr Alloy

Original Midi:?;n nlgran Length ADTZ Weight Density % A Vol?

Specimen Specimen BrinnUpIEee Change, Change, ~ Change, Decrease, m__ Pn

No. No. at. % Surface  Center % % mg at. urnup
CP-3-1 E=3R-1C=5:2 0.025 395 20 0.36 091 -0.6 b =
CP-5-2 EAE1G=573 0.27 510 610 0.13 118 -0.7 0.78 2.8
CP-2-5 E-3F-1C-5-1 0.45 285 305 2.99 -0.42 0.7 194 44
ANL-42-22-6  E-3f-1C-1-12 0.85 240 260 0.9 5.76 -2.1 459 5.1
ANL-42-9-5 E-3F-1C-8-1 0.86 380 20 0.89 112 -0.2 2.91 35
ANL-42-10-6  E-3F-1C-8-2 11 470 520 0.78 181 -11 451 43
ANL-42-12-4  E-3F-1C-8-4 11 650 700 a7 128 -224.1 18.95 21 Uniformly swelled, with surface cracks.
ANL-6-117-4  E-3F-1C-1-3 1152 310 410 1.4 2.23 -0.9 2.85 24
CP-7-4 E-3F-1C-5-4 16 355 3% 2.15 4.45 25.2 12.81 9.3
ANL-42-24-4  E-3F-1C-1-11 1.6 39 20 0.88 0.76 -14 391 2.6
ANL-6-115-4  E-3F-1C-1-2 2.0 500 560 5.34 334 -0.7 17.23 9.6
ANL-42-14-6  E-3F-1C-8-6 243 380 410 4.9 5.45 -0.8 16.40 9.9 Small bulge near upper end.
ANL-42-16-4  E-3F-1C-8-8 2.6 430 480 10.12 119 12.5 60.58 58 Large bulge near upper end.
ANL-42-18-6  E-3F-1C-8-10 31 340 380 0.24 335 -5.0 15.28 58
ANL-6-113-4  E-3F-1C-1-1 38 480 530 0.99 219 2Ll 31.47 12 Uniformly swelled, with surface cracks.
ANL-6-123-1  E-3F-1C-1-6 4.1 500 540 7.81 135 51.6 832 Yy Uniformly swelled, with surface cracks.
ANL-42-19-3  E-3F-1C-8-11 49 600 650 7.54 19.6 8.6 33.10 9.3 Uniformly swelled, with surface cracks.
ACalculated from the expression % A Vol = mo(:—i - l), where Pj and pgare the initial and final densities, respectively.

Dieasurement not obtained.

TABLE IIl. Effects of Irradiation on Unclad Specimens of U-3.7 wt % Fs Alloy

Original Muleeerr:;;n ulcrrad Length AD‘:g Weight Density % A Vol?

Specimen Specimen  Burnup, _—— " - Change, Change, Change, Decrease, —

No. No. at. % Surface  Center % % mg % at. % Burnup Remarks
CP-3-4 1€2-11-5 0.025 395 20 0.10 1.52 -L6 b el
CREE=l 1€2-11-4 0.43 310 355 0.39 0.49 -8.7 136 32
ANL-42-11-6  1E2-12-3 0.65 400 430 5.28 120 -458.0 b &
ANL-6-119-5  1€2-2-4 0.67 230 240 0.08 1.04 03 0.82 12
ANL-42-9-4 12-12-1 0.85 390 20 -0.26 0.69 02 1.80 22
ANL-42-10-5  1€2-12-2 L1 480 520 0.38 021 =brf 321 30
ANL-22-12-3  1E2-12-4 12 690 740 9.01 148 73 21.05 31 Uniformly swelled, with surface cracks.
ANL-42-15-6  1E2-12-7 14 210 2%0 2.80 114 05 16.94 15
CP=f=1 1E2-11-7 L6 380 40 5.25 10.1 17.4 19.91 16
ANL-42-23-6  1E2-11-2 16 410 450 0.82 333 09 8.46 5.6
ANL-42-22-5  1E2-11-1 11 450 49 0.61 2.01 =l 4.60 21
ANL-6-122-5  1E2-2-10 2.0 520 560 107 119 150.3 48.37 a7 Swelled near upper end.
ANL-42-14-5  1E2-12-6 23] 400 430 2.58 6.45 =12 17.63 11
ANL-&2-17-4  1E2-12-9 30 500 540 127 36.2 139.8 25.55 12 Swelled near upper end.
ANL-42-18-5  1E2-12-10 31 350 380 0.73 36 =19 1.75 21
ANL-6-113-1  1€2-2-1 34 430 460 1.66 18.8 6.4 20.05 74
ANL-6-123-5  1E2-2-12 EH 470 500 8.66 245 3.6 45.15 22 Swelled near upper end.
ANL-42-19-6  1E2-12-11 49 630 680 879 .7 127 45.84 17 Swelled near center.

a A P
Calculated from the expression % A Vol = 1m(p—' & l), where p, and p, are the initial and final densities, respectively.
f

Dpeasurement not obtained.



TABLE IV. Effects of Irradiation on Unclad Specimens of U-5 wt % Fs Alloy

i Avg
Original Mmlter:ngm “'C"ad Length Dia Weight Density % A Vol?
Specimen Specimen Burnup, SR o ] Change, Change, Change, Decrease, i
No. No. at. % Surface Center % % mg % at. % Burnup Remarks
E-BI6F-236-5-8 0.025 395 20 -0.06 0.14 ol b =
E-BI6F-236-4-9 0.025 395 20 0.18 L7 -4.1 b =
E-B16F-236-4-10 0.19 560 600 0.02 0.76 -6.5 b =
E-B16F-236-5-9 0.19 560 600 -0.14 0.90 =37 b 2
E-B16F-236-7-8 0.36 315 335 0.14 0.21 -2.4 0.98 21
E-B16F-236-7-2 0.36 260 275 2.06 2.56 -8.7 29 g
E-BI6F-236-4-8 0.45 335 355 021 -0.42 =13 0.62 14
E-BI6F-236-13-1 0.64 200 220 1713 0.21 -0.3 0.89 14
E-BI6F-236-5-11 0.68 700 750 6.27 483 15 129 19
E-BI6F-236-5-1 0.79 510 540 0.73 145 08 124 16
E-B16F-236-5-7 0.79 700 750 439 5.96 -11 139 18
ANL-42-8-6 E-B16F-236-4-4 0.94 240 260 0.27 2.36 S1T 1.58 L7
ANL-6-117-5 E-B16F-236-1-10 10 300 320 2.0 -0.35 St 1.72 18
ANL-6-116-5 E-B16F-236-1-8 12 340 370 2.81 -0.41 -0.8 2.4 19
ANL-22-12-1 E-B16F-236-7-4 12 690 780 < L3 143 -1017.1 29 23
ANL-6-116-2 E-B16F-236-1-7 12 350 380 5.17 -0.90 -08 22 18
ANL-2-9-1 E-B16F-236-7-1 15 630 680 1.66 6.97 -14 143 9.7
EP-7-5 E-B16F-236-5-1: L6 370 3% 1.66 215 16.3 5.0 31
CP-7-3 E-B16F-236-5-12 L6 395 40 2.41 428 2.1 103 6.5
ANL-42-6-6 E-B16F-236-4-2 2.0 480 510 196 2.35 35 1.6 37
ANL-6-115-5 E-B16F-236-1-6 2.0 510 550 3.93 3.66 -19 10.0 49
ANL-42-14-1 E-B16F-236-7-6 2.4 0 450 233 6.74 b 17 7.0
ANL-6-113-2 E-B16F-236-1-1 34 430 460 6.13 7.08 -68.2 148 43
ANL-42-7-6 E-BI6F-236-4-3 i 480 510 291 1.4 28 103 2,
ANL-42-5-6 E-B16F-236-4-1 a5 550 590 6.60 475 -8.9 48 7 Severely warped.
CP-9-1 E-BI6F-235-4-1 5.6 740 79 b b b 83 15 In three pieces.
CP-9-3 E-B16F-235-4-1 5.6 740 79 211 62.5 b 183 33 Uniformly swelled.
CP-9-5 E-BI6F-235-4-8 58 720 760 115 50 7 136 25 Uniformly swelled.
CP-8-5 E-B16F-235-4-10 58 630 670 b b b 182 R In four pieces.
CP-8-4 E-BI6F-235-4-12 58 640 680 b b b 127 2 In three pieces.
CP-8-3 E-B16F-235-4-9 6.2 630 670 b b b 152 25 In three pieces.
3Calculated from the expression % A Vol = 100(% =5 l), where 0 and pyare the initial and final densities, respectively.
DMeasurement not obtained. I
CCalculated from dimensional changes.
TABLE V. Effect of Irradiation on Unclad Specimens of U-5 wt % Fs-2.5 wt % Zr Alloy
Avg
Original M'ﬂlrir’:;m fread Length Dia Weight Density % & Vold
Specimen Specimen Burnup, _p— Change, Change, Change, Decrease, ——
No. No. at % Surface Center % % mg % at. % Burnup Remarks
CP-3-5 E-3F-1B-8-9 0.025 395 Q0 0.25 -2.83 =Ll b =
CP-3-2 EAE-18-13-7 0.025 395 0 0.26 1.89 =1 0.12 48
CP-4-2 E-3F-1B-13-8 0.19 560 600 1.01 0.97 -0.7 2.28 12
CP-5-3 E-3F-1B-13-10 0.26 570 610 0.61 0.76 -0.5 0.67 25
CP-5-4 E-3F-1B-8-11 0.26 570 610 0.78 L12 0.2 091 34
CP-12-2 E-3F-1B-9-6 0.29 610 650 0.04 2.10 19.1 119 41
CP-1-1 E-3F-1B-13-9 035 260 215 0.49 0.84 13 2.19 6.6
CP-2-4 E-3F-1B-8-8 0.44 335 355 0.55 -2.76 0 135 32
ANL-6-119-3  E-3F-1B-6-13 0.62 200 210 0.94 1.04 -0.3 2.00 33
P-6-4 E-3F-1B-13-11 0.68 700 750 7.8 118 60.1 23.09 a“u
CP-6-2 E-3F-1B-13-6 0.79 700 750 123 16.0 9.0 29.30 53
ANL-6-117-6  E-3F-1B-6-10 11 300 320 109 0.70 -0.9 2.97 28
ANL-6-117-3  E-3F-1B-6-9 1 300 330 131 0.2 slel 2.14 21
ANL-G2-12-2  E-3F-18-9-4 L1 610 660 - 43 762 338 % Irreqularly swelled. in two pieces.
ANL-6-116-6  E-3F-18-6-8 12 340 370 1.04 118 -0.6 2.97 2.6
ANL-6-116-3  E-3F-1B-6-7 12 350 380 0.81 1.60 <0 294 2.6
ANL-@-4-6  E-3F-18-8-4 14 340 370 2.04 -2.64 -36 3.68 21
GPl2 E-3F-1B-13-12 L7 380 0 3.60 835 200 12.72 83
ANL-6-115-6  E-3F-1B-6-6 2.0 500 540 38 2.58 0 17.26 10.0 Slight swelling near upper end.
ANL-@-14-2  E-3F-1B-8-12 24 %0 530 316 524 19.4 155 7.7 Swelled near upper end.
ANL-02-2-6  E-3F-1B-8-2 24 560 610 L7 415 -09 3.0 1B Slight swelling near upper end.
ANL-22-3-6  E-3F-18-8-3 3.1 340 360 21 168 -12 12.48 46
ANL-6-113-3  E-3F-1B-6-1 34 a10 50 5.83 189 -i06 2455 10 Slight swelling near upper end.
ANL-6-113-6  E-3F-1B-6-2 38 480 510 2.3 212 2.4 58 9.2 Surface cracks.
ANL-@2-19-2  E-3f-18-9-11 50 650 700 1838 132 -100 31.26 9.2
ANL-&2-1-6 E-3F-18-8-1 L) 640 690 3.9 8 2.5 64.34 34 Severely swelled near upper end.
cP-9-2 E3-1A-1-11 55 740 % 6.67 a7 52 52.50 20
CP-9-6 E£-3F-1A-1-8 58 720 760 1.4 3.5 -13838 53.18 20
CP-9-4 E3F-1A-1-3 58 720 760 19 75 -494.0 54.72 21
CP-8-6 E3F-A-12 58 630 670 b b b 59.48 2 In two pieces.
CP-8-2 E-3F-1A-1-10 6.2 640 680 b b b 59.83 23 In two pieces.
CP-8-1 E-3F-1A-1-9 6.2 640 680 b b b 60.28 24 Part of specimen not located.

Pi e "
3calculated from the expression % A Vol = loo(p—' = 1) where Pi and p are the initial and final densities, respectively.
f

Dieasurement not obtained.
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TABLE VI. FEffect of Irradiation on Unclad Specimens of U-6.7 wt % Fs-3.3 wt % Zr Alloy

Original B Ay il Do wesnt  Densiy A

Specimen Specimen Burnup, Y Change, Change, Change, DECrease AR

No. No. at. % Surface  Center % % mg % at. % Burnup Remarks
CP-4-4 E-SF-2A-2-2 0.19 560 600 0.88 -1.04 =171 4.41 24
CP-1-4 E-SF-2A-14-2 0.36 260 275 0.45 -0.76 244 1.03 28
CP-2-6 E-SF-2A-2-1 0.45 285 305 0.50 0.21 0.2 1.30 2.9
ANL-6-119-1  E-SF-2A-4-1 0.61 170 190 1.28 0.77 0.9 2.22 38
CP-6-6 E-SF-2A-2-4 0.66 700 750 7.9 9.65 516 20.48 39
ANL-42-10-4  E-SF-2A-2-5 1.1 440 470 194 0.48 0.1 3.40 cpil
ANL-42-12-6  E-SF-2A-14-4 1.1 590 640 182 6.45 14.8 13.34 13
ANL-6-116-1  E-SF-2A-1-2 12 320 350 0.82 0.90 -0.2 2.23 2.0
ANL-42-15-5  E-SF-2A-14-7 14 250 210 1.03 3.34 =10 10.37 18
ANL-42-22-4  E-SF-2A-1-10 14 340 360 2.07 L1l =30 4.62 35
ANL-42-9-3 E-SF-2A-14-1 15 560 610 1.60 0.84 -0.7 4.86 34
ANL-42-23-5  E-SF-2A-1-12 L5 360 390 2.30 0.55 -14 4.79 34
ANL-42-24-6  E-SF-2A-1-13 17 350 380 2.10 0.69 =15 3.63 745
ANL-42-14-4  E-SF-2A-14-6 23 390 420 321 2.4 )7 9.74 45
ANL-42-16-6  E-SF-2A-14-8 21 410 450 5.74 34 35 3371 19 Swelled near upper end.
ANL-42-18-4  E-SF-2A-14-10 2.1 320 350 2.30 2.02 -38 7.56 2.6
ANL-6-123-4  E-SF-2A-1-7 37 420 460 123 50 -5.5 48.84 26 Swelled near upper end.
ANL-42-20-6  E-SF-2A-14-12 4.1 460 500 0.90 a0 =10 45.66 21 Swelled near upper end.
ANL-42-19-5  E-SF-2A-14-11 438 540 580 8.72 20.2 6.0 29.19 8.6
ACalculated from the expression % A Vol = 100(§—; = l>, where P and pyare the initial and final densities, respectively.

TABLE VII. Effect of Irradiation on Unclad Specimens of U-10 wt % Fs-5 wt % Zr Alloy
Original Mi"'fe:"?;"o'c"a“ Length o0 Weight  Demsity o o
Specimen Specimen Burnup, Rl " Change, Change, Change, Decrease, PP v e M
No. No. at. % Surface  Center % % mg % at. % Burnup Remarks
CP-4-6 E-SF-1A-2-2 0.19 560 600 0.19 021 -1.6 b =
CP=1=3) E-SF-1A-8-8 0.36 260 275 0.33 2.8 L6 0.23 2.0
CP=2=2; E-SF-1A-2-1 0.45 310 35 0.14 0.14 -0.1 126 28
ANL-6-119-4  E-SF-1A-1-4 0.63 160 170 0.34 0.83 -0.1 163 2.6
ANL-42-13-6  E-SF-1A-8-5 0.65 310 340 0.17 1.52 13 5.85 9.7
CP-6-3 E-SF-1A-2-3 0.73 700 750 1.50 2.2 12 5.12 1.6
ANL-42-9-6 E-SF-1A-8-1 0.86 410 450 0.64 -0.03 21) 2.98 3.6
ANL-42-12-5  E-SF-1A-8-4 L1 510 550 -0.31 5.41 5.0 1.69 1.6
ANL-6-116-4  E-SF-1A-1-2 L1 260 280 0.63 0.55 0.0 2.61 24
ANL-42-15-4  E-SF-1A-8-7 14 220 240 L72 235 0.0 5.64 42
CP-7-6 E-SF-1A-2-4 14 350 39 = 0.41 b 8.61 6.5 In two pieces.
ANL-42-23-4  E-SF-1A-1-10 L6 310 340 113 1.04 ~shl 491 32
ANL-42-24-5  E-SF-1A-1-11 L6 310 340 0.89 0.06 -38 2.46 L7
ANL-6-122-4  E-SF-1A-1-6 19 490 530 4.05 2.21 51 10.12 20
ANL-42-16-5  E-SF-1A-1-12 2.6 370 400 6.58 517 18 2.84 27 Swelled near upper end.
ANL-42-17-6  E-SF-1A-8-9 2l 380 410 5.12 3.81 -15.6 14.19 6.0
ANL-42-20-5  E-SF-1A-8-12 39 400 430 482 4.79 =127 21.58 6.9
ANL-42-19-4  E-SF-1A-8-11 4.6 460 500 6.77 6.60 b 17.6¢ 4.8¢
ANL-82-21-6  E-SF-1A-8-13 5.0 520 570 12.42 10.6 -59.0 21.25 .6

3Calculated from the expression % A Vol = 100(—

Dheasurement not obtained.
Ccalculated from dimensional changes.

Pi
Pt

= 1), where pj and p, are the initial and final densities, respectively.



Specimen No. ANL-42-10-6 ANL-42-14-6 ANL-6-113-+4 ANL-42-19-3
Burnup, at. %o 14 243 3.8 4.9
Max Irrad Temp, °C 520 410 530 650
% AVolume per at. % Burnup 4.3 9.9 12 9.3

Fig. 5. Postirradiation Condition of Typical U-3.3 wt % Fs=1.7 wt % Zr Alloy Specimens.
Mag. 2X. Neg. Nos. MSD-26889, -27079, -27595, and -27449.

’
Specimen No. ANL-42-10-5 ANL-42-14-5 ANL-6-113-1 ANL-42-19-6
Burnup, at. % il 2.3 3.4 4.9
Max Irrad Temp, °C 520 430 460 680
% A Volume per at. % Burnup 3.0 il 7.4 17

Fig. 6. Postirradiation Condition of Typical U-3.7 wt % Fs Alloy Specimens.
Mag. 2X. Neg. Nos. MSD-26888, -27078, -27592, and -27452.
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Specimen No. ANL-6-116-5 ANL-42-14-1 ANL-42-7-6
Burnup, at. % 1.2 2.4 &4
Max Irrad Temp, °C 370 450 510
% A Volume per at. % Burnup 149 7.0 2.4

Fig. 7. Postirradiation Condition of Typical U-5 wt % Fs Alloy Specimens.
Mag. 2X. Neg. Nos. MSD-24699, -27074, -27438, and -160663.

Specimen No. ANL-6-116-3 ANL-42-3-6 ANL-6-113-6
Burnup, at. %o 12 Rl 3.8
Max Irrad Temp, °C 380 360 510
% A Volume per at. % Burnup 2.6 4.6 9.2

CGP-9-5
5.8
760
25

CP-9-6
5.8
760
20

Fig. 8. Postirradiation Condition of Typical U-5 wt % Fs-2.5 wt % Zr Alloy Specimens.

Mag. 2X. Neg. Nos. MSD-24697, -27701, -27598, and -160664.



Specimen No. ANL-6-116-1 ANL-42-14-4 ANL-42-18-4 ANL-42-19-5
Burnup, at. %o 1.2 2.3 3.1 4.8
Max Irrad Temp, °C 350 420 350 580
% AVolume per at. % Burnup 2.0 4.5 2.6 8.6

Fig. 9. Postirradiation Condition of Typical U-6.7 wt % Fs-8.3 wt % Zr Alloy Specimens.
Mag. 2X. Neg. Nos. MSD-24695, -270717, -27443, and -27451.

Specimen No. ANL-6-116-4 ANL-42-17-6 ANL-42-19-4 ANL-42-21-6
Burnup, at. % il P 4.6 5.0
Max Irrad Temp, °C 280 410 500 570
% A Volume per at. % Burnup 2.4 6.0 4.8 7.6

Fig. 10. Postirradiation Condition of Typical U-10 wt % Fs-5 wt % Zr Alloy Specimens.
Mag. 2X. Neg. Nos. MSD-24698, -27090, -27450, and -27591.
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irradiated specimens from each alloy group. Burnups ranged as high as
6.2% of uranium atoms, and center fuel temperatures ranged from 170 to
790°C.

1. Dimensional Stability

The random grain orientation that resulted from the casting
operation eliminated anisotropic growth as a significant source of dimen-
sional stability in all but a few cases. Furthermore, the materials were
all fine-grained, so surface roughening was also eliminated.

The principal source of dimensional instability was high-
temperature swelling. It was intended that enough specimens would be ir-
radiated under a wide range of experimental conditions to permit definition
of the relationships between swelling rate, irradiation temperature, and
burnup for each alloy. Unfortunately, the wide scatter in the experimental
data did not permit quantitative conclusions to be drawn concerning the
effects of irradiation temperature on swelling rates for most of the alloys.
However, for the two alloys of greatest interest, U-5 wt % Fs and U-5 wt %
Fs-2.5 wt % Zr, the general relationship between swelling rate and maxi-
mum irradiation temperature could be determined with reasonable certainty.
Figure 11 shows the swelling curves for these two alloys. The U-5wt % Fs
alloy is more capable of resisting high-temperature irradiation swelling.

o | | ! I | I |

U-5 Fs-2.5 Zr

% A VOL/at. % BURNUP

0 | | | i | | |

100 200 300 400 500 600 700
MAXIMUM TEMPERATURE, ' C

Fig. 11. Swelling Rates of U-5 wt % Fs and U-5 wt % Fs-2.5 wt % Zr Alloys
under Irradiation. The curves are least-squares fits to the swelling
data shown in Tables IV and V.



Several specimens exhibited a nonuniform type of swelling under
irradiation, in which most of the volume changes developed at the upper ends
of the specimens. Most of the specimens so affected had compositions
known to be predominantly alpha-phase before irradiation. The upper-end
swelling was usually in the form of a large bubble. Figure 12 shows a
group of specimens in various stages of growth and collapse of a large
bubble. Swelling at the upper ends of fuel specimens irradiated in NaK has
been observed previously."‘o'22 It is believed to be the result of local over-
heating due to temperature stratification at the top of the NaK surrounding
the specimens. This condition, with its attendant temperature uncertainties,
is believed to be largely responsible for the wide scatter in the data relating
swelling rates of the alloys to irradiation temperature.

Fig. 12

Stages in the Development and Collapse
of a Bubble in U-Fs and U-Fs-Zr Alloy
Specimens during Irradiation. Mag. 2X.
ANL Neg. No. 106-5963.

2. Microstructure

Figures 13-24 show photomicrographs of typical microstructures
of the unirradiated and irradiated alloys investigated. Inmost cases, the un-
irradiated and irradiated specimens whose microstructuresare shownare
from the same casting.
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Fig. 13.

Preirradiation Microstructure of
U-3.3 wt % Fs-1.7 wt % Zr Alloy.

(Casting No. E-3F-1C.) Mag.400X.

Neg. No. MSD-24929.

. Preirradiation Microstructure of
U-3.7 wt % Fs Alloy. (Casting
No. 1-E-2.) Mag. 400X. Neg.
No. MSD-24930.

",.. -

Fig. 14. Microstructure of U-3.3 wt % Fs-1.7 wt %o Zr
Alloy after Irradiationto 1.1 at. % Burnup at
520°C. (Specimen No. ANL-42-10-6 from
casting No. E-3F-1C.) Mag. 400X.

Neg. No. MSD-160665.

Fig. 16. Microstructure of U-3.7 wt % Fs Alloy
after Irradiation to 3.1 at. % Burnup at
380°C. (Specimen No. ANL-42-18-5
from casting No. 1-E-2.) Mag. 400X.
Neg. No. MSD-160666.
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Fig. 17. Preirradiation Microstructure of Fig. 18.

U-5 wt % Fs Alloy. (Casting
No. E-B16F-235.) Mag. 400X.
Neg. No. MSD-24927.

Fig. 19. Preirradiation Microstructure of U- Fig. 20.
5 wt % Fs-2.5 wt % Zr Alloy. Cast-
ing No. E-3F-1A.) Mag. 400X.
Neg. No. MSD-24926.

Microstructure of U-5 wt % Fs Alloy after
Irradiation to 1.2 at. % Burnup at 370°C.
(Specimen No. ANL-6-116-5 from casting
No. E-B16F-236.) Mag. 400X. Neg.

No. MSD-28539.

Microstructure of U-5 wt % Fs-2.5 wt % Zr
Alloy after Irradiation to 1.1 at. % Burnup
at 320°C. (Specimen No. ANL-117-6 from
casting No. E-3F-1B.) Mag. 400X. Neg.
No. MSD-28543.
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Fig. 22. Microstructure of U-6.7wt % Fs-3.3 wt % Zr
Alloy after Irradiation to 1.5 at. % Burnupat
390°C. (Specimen No. ANL-42-23-5 from
casting No. E-SF-2A.) Mag. 400X. Neg.
No. MSD-1606617.

Fig. 21. Preirradiadiation Microstructure of
U-6.7 wt % Fs-3.3 wt % Zr Alloy.
(Casting No.E-SF-2A.) Mag.400X.
Neg. No. MSD-24931.

Fig. 23. Preirradiation Microstructure of U- Fig. 24. Microstructure of U-10 wt % Fs=5 wt % Zr
10 wt % Fs-5 wt % Zr Alloy. (Cast- Alloy after Irradiation to 1.6 at. % Burnup
ing No. E-SF-1A.) Mag. 400X. at 340°C. (Specimen No. ANL-42-23-4
Neg. No. MSD-24928. from casting No. E-SF-1A.) Mag. 400X.

Neg. No. MSD-160668.



The irradiated specimens selected for metallographic studies
were among those that did not show large volume changes. Their micro-
structures, therefore, were largely free of porosity of a size sufficient to
be visible by optical metallography. All the specimens showed the general
coarsening of structure and agglomeration of precipitated phases that are
characteristic of uranium-base alloys irradiated to burnups greater than
a few tenths of a percent. The effects of irradiation on the alloy micro-
structures did not appear to depend greatly on the alloy compositions.

More recently, electron-microscopic examinations at higher
magnifications have been made on U-5 wt % Fs alloy from EBR-II driver
fuel elements.?®> These examinations showed that swelling of the fuel at
temperatures below 560°C occurs predominantly because of microtearing
Above 560°C, swelling is due to the formation and agglomeration of fission-
gas bubbles. This behavior is similar to that observed for unalloyed ura-
nium irradiated to burnups of several tenths of a percent.?

3. Phase Reversion

Because of the similarity of uranium-fissium alloys to the
uranium-molybdenum alloy system, this investigation included experiments
to determine whether fissium alloys irradiated at temperatures below the
alpha-gamma transformation exhibited reversion to the gamma phase. as
had been noted in comparable uranium-molybdenum alloys 2% Such uranium-
molybdenum alloys show the excellent dimensional stability characteristic
of isotropic gamma-phase uranium. On the other hand, if the fission rate is
too low to cause the alloy to revert to the gamma phase, a two-phase struc-
ture of alpha-plus-delta (or gamma) that shows enhanced swelling is formed.?®

The experiments were therefore designed to determine if
uranium-fissium material irradiated below the lower temperature boundary
of the gamma phase (552°C) showed evidence of retained gamma phase. A
sensitive test, measurement of electrical resistivity as a function of tem-
perature, was used to determine whether the alloys were predominantly
alpha or gamma. Uranium alloys that are predominantly gamma exhibit a
negative temperature coefficient of resistivity. Uranium alloys that are
predominantly alpha show a normal positive temperature coefficient.

Accordingly, to determine if the irradiation conditions induced
phase reversion in the alloys, the electrical resistivity of unirradiated and
irradiated specimens of each alloy (except the U-3.7 wt % F's alloy) was
measured at 17, -76, and -198°C with a Kelvin double bridge. At least two
readings were taken on each specimen, and when the readings differed by
more than 1 pQ, three or more readings were taken and averaged. For
additional accuracy, each specimen was reversed in position in its holder
and remeasured. The resistivity measurements at 17°C were made with
the specimen immersed in chlorethane kept at constant temperature by
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water circulating through coils in the bath. Mechanical stirrers were used
to provide temperature uniformity. A mixture of isopropyl alcohol and dry
ice was used for the measurements at ~76°, and liquid nitrogen was used for
the measurements at -198°C. Temperaturés were measured with either
mercury thermometers or copper- constantan thermocouples, depending on
the temperature range of interest.

Figure 25 illustrates the effect of increasing fissium and zir-
conium content on the resistivity (p). The U-5wt % Fs alloy is at least
partially gamma phase. Increasing the alloy content increases the resis-
tivity, as would be expected. It can also be noted from the slopes of the
curves that increasing the fissium content tends to convert the alloys from
alpha to gamma phase. Conversely, zirconium tends to stabilize the alpha
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O U-3.3 Fs-1.7 Zr
A U-3.7 Fs

N X U-5 Fs —

O U-5 Fs-2.5 Zr
7 U-6.7 Fs-3.3 Ir

O U-10 Fs-5 Zr

7 2 | | | |

-200 -160 -120 -80 -40 0 w0
TEMPERATURE, °C

Fig. 25. Electrical Resistivity vs Temperature of
Unirradiated U-Fs and U-Fs-Zr Alloys
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phase. Both of these effects confirm earlier results of metallographic
examinations made during studies of phase relations in the uranium-

fissium- zirconium system.l

Table VIII and Figs. 26-30 show the effects of irradiation on
all the alloys studied except U-3.7 wt % fissium, for which a suitable
specimen was not available. The changes in electrical resistivity induced
by irradiation were greatest for the specimens with lower alloy contents.
Figure 27 shows that irradiation of the U-5 wt % Fs alloy transformed the
retained gamma into the thermodynamically stable alpha phase. (The slope
of the resistivity curve changed from negative to positive with irradiation.)
It can be concluded that uranium-fissium alloys do not exhibit reversion to
the gamma phase under at least the range of conditions studied in this
experiment.

TABLE VIII. Effect of Irradiation on Electrical Resistivity of U-Fs and U-Fs-Zr Alloys

Max Irradiation-induced
Irrad Test Change in
Specimen Composition, Burnup, Temp, Temp, P Avg p/°C,
No. wt % at. % oc Sl uQ-cm Avg p/°C %
= U-3.3 Fs-1.7 Zr None = 15 4
-15 3 0.0%
-197 21
ANL-6-117-4 U-33 Fs-1.7 Zr 12 410 12 56
-68 51 0.071 -2l
-198 41
= U-5 Fs None Z 16 66
Sl 67 -0.0093
-197 68
ANL-6-116-5 U-5 Fs 12 310 13 52
-14 46 0.09% 1100
-198 33
= U-5 Fs-2.5 Zr None 3 16 46
=) 39 0.094
-197 26
ANL-6-119-3 U-5 Fs-2.5 Zr 0.62 210 12 51
) 55 0.052 -45
-198 46
ANL-6-117-6 U-5 Fs-2.5 Zr 11 320 12 57
-2 52 0.071 -24
-198 @2
ANL-6-117-3 U-5 Fs-2.5 Zr 11 330 3 53
=12 49 0.076 -19
-198 37
ANL-6-116-6 U-5 Fs-2.5 Zr 12 310 13 53
=1 46 0.095 L1
-198 3
ANL-6-116-3 U-5 Fs-2.5 Zr 1.2 380 13 48
=1 a“ 0.081 -14
-198 31
& U-6.7 Fs-3.3 Zr None & 14 55
-14 51 0.066
-198 41
ANL-6-119-1 U-6.7 Fs-33 Zr 0.61 190 12 63
-10 59 0.062 -6.1
-198 50
- U-10 Fs-5 Zr None = 16 3
S f 3 0.0047
-197 72
ANL-6-119-4 U-10 Fs-5 Zr 0.63 170 12 1]
eTl 74 0.0095 100
-198 2
ANL-6-116-4 U-10 Fs-5 Zr L1 280 13 £}
-14 2 0.024 410
-198 68
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4. Effects of Thermal Cycling

Nonrandom grain orientations in alpha-phase uranium or its
alloys can cause anisotropic dimensional changes when the alloys are ir-
radiated. Similar dimensional changes can develop if specimens of such
materials are subjected to thermal cycling. Since thermal-cycling tests
are easier to perform and take less time than irradiation tests, they are
often used as a preliminary check to screen out undesirable materials be-
fore they are subjected to irradiation experiments. Thermal-cycling tests
can thereby provide independent information on the existence of preferred
grain orientations in alpha-phase uranium alloys.

The U-Fs and U-Fs-Zr alloys were subjected to repeated
cycling between temperatures that were representative of the extremes
normally experienced by the driver fuel in EBR-II. The sequence for a
single cycle consisted of holding at 370°C for 2 hr, heating to 670°C in
30 min, holding at 670°C for 1 hr, and cooling to 370°C in 30 min. The long
holding times were used to permit the alloys to come to phase equilibrium
at each temperature extreme. Five hundred thermal cycles were used.

Length and immersion density were measured after 58, 150, 300, and
500 cycles.



To investigate possible differences in behavior resulting from
the differing cooling rates, specimens of each alloy were cut from the top
and bottom of injection-cast pins. An exception was the U-3.7 wt% Fs
alloy, for which a bottom specimen was not available. The specimens were
contained in a NaK-filled capsule during cycling. Temperatures were
determined by thermocouples adjacent to the specimens.

To transform to alpha any remaining gamma phase in the alloys,
the specimens were subjected to a 24-hr anneal at 500°C before they were
cycled. The resulting changes in length and density are shown in Table IX.
Most specimens decreased in length and all increased in density, as would
be expected if any gamma phase remaining in the alloys were transformed
to alpha. All measurements on the specimens after thermal cycling were
compared to the measurements on the specimens after the anneal.

TABLE IX. Length and Density Changes of Specimens Annealed for 24 hr
at 500°C before Thermal-cycling Tests

Original Position Alloy Length Density
Specimen Specimen in Composition, Change, Change,
No. No. Casting wt %o %o %o

g E-3F-1C-6-1 Top U-3843" Fs-lufl Zr 0.00 0.64
15, E-3F-1C-6-13 Bottom U-3.3 Fs-1.7 Zr -0.15 0.67
13 1E2-4-13 Bottom U-3.7 Fs 0.089 0.69
11 E-B16F-235-14-1 Top U-5 Fs -0.020 il
157 E-Bl6F-235-14-13 Bottom U=5"FSs -0.094 ()71
8 E-3F-1A-3-1 Top -5 Ks-2.5 Zr 0.00 0.71
14 E-3F-1A-3-13 Bottom U-5 Fs-2.5 Zr -0.054 0.81
7 E-SF-2A-3-1 Top U-6.7 Fs-3.3 Zr -0.52 0.34
12 E-SF-2A-3-13 Bottom U-6.7 Fs-3.3 Zr -0.22 1.01
10 E-SF-1A-5-1 Top U-10 Fs-5 Zr -0.12 N.A.
16 E-SF-1A-5-13 Bottom U-10 Fs-5 Zr -0.34 0.98

The effects of thermal cycling on the length and density of the
annealed specimens are shown in Figs. 31 and 32, respectively. Table X
summarizes the effects. Elongations of up to 1.42% were noted, and den-
sity decreases were as large as 1N637%

The density decreases are believed to be due to formation of
internal voids. The development of internal voids has been observed pre-
viously in alpha-phase uranium alloys that have been thermally cycled to
temperatures above the upper boundary of single-phase alpha.“’

A ratio of length change to density change that differs appre-
ciably from 0.7 for any given specimen in this study indicates that some
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TABLE X. Summary of Cumulative Changes in Length (L) and Density (D) of U-Fs and U-Fs-Zr
Alloy Specimens Cycled between 370 and 670°C

Total Number of Cycles

Specimen S%relcg;;; Posi:wn Com?)lc::i{ion, = 2 eLl A0

No. No. Casting wt % % AL % AD % AL % AD % AL % AD % AL % AD
9 E-3F-1C=6-1 Top U-33 Fs-1.7 Zr 029" -0.48 0.39 -0.34 051  -0.47 108 -0.61
15 E-3F-1C-6-13 Bottom =338 =T ZT: 0.43 -0.48 0.82 -0.65 0.92 -0.92 0/85 8 &1
13 1E2-4-13 Bottom U-3.7 Fs 0.31 -0.44 0.61 -0.35 0.72 -0.64  NA. -0.81
11 E-B16F-235-14-1 Top =37 Fs: 0.44 -0.74 0.65 -0.67 0.66 -0.95 0.75 -0.98
7 E-B16F-235-14-13 Bottom U-5 Fs 0.30 -0.71 0.51 -0.68 0.64 -0.89 L5 133
8 E-3F-1A-1 Top U-5 Fs-2.5 Zr D345 =0.52. 0.61 -0.36 0.55 -0.41 100 -0.90
14 E-3F-1A-13 Bottom U-5'Fs-2.5 Zr 0.56 -0.55 1.01 -0.50 115 -0.58 1.42 -0.97
7 E-SF-2A-3-1 Top U-6.7 Fs-3.3 Zr 0.49 -0.36 076  -0.47 078  -0.48 1ie5.0 =-091
12 E-SF-2A-3-13 Bottom U-6.7 Fs-3.3 Zr 0.56 -0.75 0.80 -0.81 0.80 -0.98 110 =135
10 E-SF-1A-5-1 Top U-10 Fs-5 Zr 0.34 -0.86 0.57 -1.29 0.53 -l.44 0.78 -1.63
16 E-SF-1A-5-13 Bottom U=104Fs=5Zr: 0.55 -0.80 0.90 -0.96 0.96 SR 1.21 -1.52

degree of preferred grain orientation is present. This appears to be the
case for specimens of the alloys that were predominantly alpha phase in
et conditiony e U=3.3 wt 7t e 1.7 wt 9o Zr,; U-3.7 wt JoiHss
U-5 wt % Fs-2.5 wt % Zr, and the U-6.7 wt % Fs-3.3 wt % Zr specimen
from the upper end of the casting.

5. Effects of Postirradiation Heating

An irradiated specimen of each alloy was progressively sub-
jected to a series of anneals at elevated temperatures (400-775°C) to ob-
tain additional information on the influence of temperature on swelling
behavior.?” The specimens were annealed in high-purity argon for 24 hr
at each temperature. Heating was provided by a platinum-wound furnace
whose temperature was controlled within +5°C. After each annealing treat-
ment, the specimens were cooled to room temperature and measured for
changes in length, diameter, and immersion volume. The specimens were
sectioned and examined metallographically after the final anneal. Table XI
shows the preannealing irradiation history of the specimens.

TABLE XI. [Irradiation History of Specimens Subjected to Postirradiation Annealing Tests

Original Alloy Midlength Irrad

Specimen Specimen Composition, Burnup, = _T_emp, o____c

No. No. wt % at. % Surface Center
ANL-42-10-6 E-3F-1C-8-2 U-3.3 Fs-1.7 Zr 1l 470 520
ANL-42-18-5 1E2-12-10 U-3.7 Fs Sil 350 380
ET-3-14-52 ~ U-5 Fs 1% N.A. 370
ET-2-2-5° = U-5 Fs-2.5 Zr 1.0 N.A. 280
ANL-42-23-5 E-SF-2A-14-7 U-6.7 Fs-3.3 Zr 14 250 210
ANL-42-23-4 E-SF-1A-1-10 U-10 Fs-5 Zr 16 310 340

aspecimens taken from a different series of irradiation experiments than those described in this report.
However, they were manufactured and irradiated under the same conditions as the specimens described in

this report.
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Figure 33 summarizes the volume changes per at. % burnup
measured for each specimen as a function of annealing temperature. Lfer'lgth
and diameter changes showed similar trends. As expected, the composition
with the lowest alloy content showed the onset of severe swelling at the
lowest temperature (500-525°C). This alloy, however, showed the lowest
Swelling/burnup ratio of any of the six compositions tested. The most
severe swelling in the range 575-650°C was shown by the U-5 wt % Fs alloy.
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Fig. 33. Effect of Successive 24-hr Anneals on the Volume of Irradiated U-Fs and U-Fs-Zr Alloys

With the exception of the U-3.3 wt % Fs-1.7 wt % Zr composi-
tion, all alloys steadily decreased involume after annealing at temperatures
above that at which the most rapid swelling was observed. This tempera-
ture also produced severe surface cracking in all specimens. The cracks
enlarged and deepened with each subsequent anneal. Presumably, the
cracking was accompanied by bubble linkup within the specimens, which
permitted most of the retained fission gas to be released. Other postirra-
diation heating tests on uranium-fissium alloys have shown that rapid re-
lease of fission gas coincides with the onset of severe swelling.?®

The metallographic sections of the specimens showed that all
had developed extensive, uniformly distributed porosity. In addition, the
U-Fs specimen had developed a large central void (see Fig. 34). This void
is believed to have caused much of the volume increase indicated in Fig. 33.

B. Clad Specimens

The irradiations of the U-5 wt % Fs and U-5 wt % Fs-2.5 wt % Zr
alloys included experiments intended to determine the behavior of the alloys
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when irradiated with cladding
restraint. Several different
cladding materials were used.
They were selected on the basis
of their intended use in a planned
subsequent series of irradiations
on U-Pu-Fs alloys.®? The
cladding materials used in the
experiments reported here in-
cluded niobium, vanadium,

V-10 wt % Ti-3 wt % Nb alloy,
yttrium, and Inconel-X. The
latter material was procured in
the solution-treated condition
and was separated from the fuel
by a 0.001-in.-thick zirconium
foil to avoid possible eutectic
formation between the fuel and
cladding.

All the clad specimens

Fig. 34. Transverse Section of Irradiated U-5 wt %

Fs Alloy Specimen after Annealing at were irradiated for 10-13 months
Temperatures up to 775°C. Mag. 20X. in the CP-5 reactor in instru-
Neg. No. MSD-160601. mented temperature-controlled

capsules of the type shown in
Fig. 4. Chromel- Alumel thermocouples with an outer sheath diameter of
0.020 in. were prepared at ANL and used for measuring central fuel tem-
perature in some of the specimens. These small-diameter thermocouples
were used to reduce local temperature perturbations. The remaining
thermocouples, also Chromel- Alumel, in the capsule were commercially
procured and had a l/lé-in.-dia sheath. Controlled temperatures were
achieved by resistance heaters, with ratings up to 3 kW, submerged in the
NaK.

The specimens were 2-in.-long lengths of injection-cast fuel pins.
They were inserted in cladding having the same dimensions as those used
for the EBR-II fuel element (0.174-in. OD, 0.009-in. wall thickness). The
cladding was sealed at the bottom, but was left open at the top to permit
capsule NaK to enter the fuel-cladding annulus and to simplify insertion
of thermocouples into the center of the fuel pins. Four vent holes, two
each at different elevations, were also located near the bottom of the
cladding to facilitate entry of NaK into the annulus. Entry of NaK and
wetting of the interfaces were ensured by vibrating the capsules for 2 hr

at 400°C.

1. Dimensional Stability

Table XII summarizes the results of the irradiations of clad speci-
mens of U-5 wt % Fs and U-5 wt % Fs-2.5 wt % Zr alloys. Fuel burnups as
high as 5.8 at. % were achieved at center fuel temperatures up to 700°C.



TABLE XII. Effects of Irradiation on Clad Specimens of U-5 wt % Fs and U-5 wt % Fs-2.5 wt % Zr Alloy

Max
Max Max Fuel Cladding
Original Fuel Fuel  Cladding Length  Diameter

Specimen Specimen Composition, Cladding Burnup, Temp, Temp, Change,  Change,

No. No. wt % Material at. % °Cc °C % % Remarks

CP-14-2 E-B16F-235-13-4 U-5 Fs Niobium a4 700 600 48 0.56 Specimen intact, straight. Fuel extrusions up to
30 mm long from vent holes.

CP-13-2 E-B16F-235-13-3  U-5 Fs Niobium 58 700 600 15.5 1.40 Specimen intact, slightly curved. Fuel extrusions
10 mm long from vent holes.

CP-14-3 E-B16F-235-13-6  U-5 Fs Vanadium 53 700 600 9.8 1.40 Specimen intact, straight. Fuel extrusions up to
18 mm long from vent holes.

GR=13-3MENF<B1GF=215313-50 =5 ks Vanadium 58 700 600 2.8 150 Cladding split 9 mm long. Fuel extrusions up to
8 mm long from vent holes and cladding split.

CP-14-1 E-B16F-235-13-2 U-5Fs Yttrium 53 700 600 24 45 Cladding split 50 mm long. Specimen uniformly swelled.

CP-13-1  E-BI6F-235-13-1 U-5Fs Yttrium 5.8 700 600 -5.4 87 Cladding split 50 mm long. Specimen uniformly swelled.

CP-15-2 E-3F-1A-6-2 U-5 Fs-2.5 Zr  Niobium 48 650 560 -3.8 1.70 Specimen intact, straight. Fuel extrusions 3 mm long
from vent holes.

CP-15-5  E-3f-1A-6-4 U-5 Fs-2.5 Zr  Vanadium a7 610 525 T 2.86 Specimen intact, curved. Fuel extrusions 4 mm long
from vent holes.

CR=153 E-3F-1A-7-1 U-5 Fs-2.5 Zr ~ Vanadium 438 650 560 -11.2 1.03 Cladding split 9 mm long. Fuel extrusions 4 mm long
from vent holes and cladding split.

CP-15-4  E-3f-1A-6-3 U-5Fs-252r V-10wt%Ti- 47 610 525 =119 0.74 Specimen intact, straight. Fuel extrusions 3 mm long

3wt % Nb from vent holes.

CP-15-6 E-3F-1A-7-2 U-5 Fs-2.5 Zr  Inconel-X 41 610 525 - a5 Specimen fractured in two pieces. Numerous brittle
cladding failures. Fuel extrusions 2 mm long from
vent holes.

P>zl E-3F-1A-6-1 U-5 Fs-2.5 Zr  Inconel-X 48 650 560 29 20 Numerous brittle cladding failures. Fuel extrusions

2 mm long from vent holes.

Fuel swelling in all specimens caused extrusion of the fuel alloy
from the vent holes in the lower part of the cladding (except those specimens
clad in yttrium). Figure 35 shows a typical example of such fuel extrusions,
one of which is ~0.4 in. long. Other specimens developed fuel extrusions
from the cladding vent holes that would have been over an inch long if they
could have been recovered intact.

Interestingly, except for specimen CP-13-2, no fuel pin elongated
appreciably within its cladding. This was true even though the upper end of
the cladding was open on all specimens and some specimens had no central
thermocouples that might have provided some degree of axial restraint.
Apparently, frictional forces between the fuel and cladding prevent any
appreciable axial movement of the fuel within the cladding.

No failures of the niobium or the V-10 wt % Ti-3 wt % Nb
cladding occurred.

Two of the four vanadium claddings developed failures. Each
failure was a ~0.3-in.-long ductile split near the center of the specimen. A
characteristic wedge-shaped extrusion of fuel then occurred through the de-
fect, as shown in Fig. 36.

Both yttrium-clad specimens developed severe cladding failures.
The failures are surmised to have developed early. This conclusion is based
on the extensive swelling of the fuel and on the absence of fuel extrusions

from the cladding vent holes. Figure 37 shows the yttrium-clad specimen
with the higher burnup.



Fig. 35

Specimen No. CP-13-2, Niobium-clad
U-5wt % Fs Alloy, after 5.8 at.% Burnup
at Central Fuel Temperature of 700°C.
Sheathed fuel thermocouple protrudes
from topof specimen. Fuelhas extruded
through the four vent holes in the clad-
ding. Mag.2X. Neg.No.MSD-160604.

Fig. 36

Specimen No. CP-15-3,
Vanadium-clad U-5 wt % Fs-
2.5 wt % Zr Alloy, after
4.8 at. % Burnup at Central
Fuel Temperature of 650°C.
Fuel is protruding from both a
split in the cladding and the
vent holes. Mag. 2X. Neg.
No. MSD-160606.

Fig. 37

Specimen No. CP-13-1, Yttrium-
clad U-5 wt % Fs Alloy, after

5.8 at. % Burnup at Central Fuel
Temperature of 700°C. Cladding
failureis believed to have occurred
early in the experiment, as evi-
denced by the absence of fuel extru—
sions from the cladding vent holes.
Mag. 2X. Neg. No. MSD-160603.

Both specimens clad with Inconel-X developed cladding failures
with a highly brittle appearance. The specimen with the higher burnup is
shown in Fig. 38. The Inconel-X tubing used for the cladding had been pro-

cured i

n the ductile solution-treated condition, as stated earlier. Postirra-

diation bend tests attempted on cladding fragments from specimen CP-15-1
confirmed the brittle condition of the cladding.
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The 0.001-in.-thick zirconium foil between the Inconel-X clad-
ding and the fuel covered the vent holes. Nevertheless, the pressure de-
veloped by the swelling fuel eventually ruptured the foil, as evidenced by the
extrusion of fuel from the vent holes. Hydrostatic rupture tests were made
on several samples of the same foil stock used in the irradiation specimens.
The backup plate had a drilled hole of the same dimensions as the vent holes
in the specimen cladding. Rupture pressures, at room temperature, ranged
from 1200 to 1850 psi and averaged about 1475 psi. The temperature of the
foil during irradiation was calculated from measurements indicated by
thermocouples adjacent to the cladding. On the basis of the known properties
of zirconium at elevated temperatures, the zirconium foil is estimated to
have retained 48% of its room-temperature strength at the irradiation tem-
perature. The pressure required to rupture the foil during the irradiation
test is therefore estimated to be near 700 psi. This pressure can be
assumed to be a lower limit for the local hydrostatic pres-
sures developed by the swelling fuel.

2. Metallographic Observations

The six intact specimens with claddings of nio-
bium, vanadium, and V-10 wt % Ti-3 wt % Nb alloy were
sectioned and examined metallographically. Both the fuel
alloys U-5 wt % Fs and U-5 wt % Fs-2.5 wt % Zr were rep-
resented, as shown in Table XIII. Each specimen was
sectioned transversely at the point of highest temperature.

The metallographic section of each specimen
was characterized by a central zone of high porosity sur-
rounded by a zone of lesser porosity. A typical example is
shown in Fig. 39. Pore sizes in the central zone ranged up
to approximately 120 u. Some of the larger pores had been
formed by coalescence of smaller pores, as shownin Fig. 40.
The zone of high porosity was slightly offset from the central
axis of the specimen because of the radial temperature pro-
file in the three-specimen capsule arrangement.

Most of the specimens showed evidence of reac-
tion between the fuel and the cladding. Reaction layers were
formed by U-5 wt % Fs alloy with niobium and vanadium
cladding to depths up to 3.7 mils. Typical reaction zones
are shown in Figs. 41 and 42. Cracks of the type shown in
Fig. 42 were also noted in the niobium-clad U-5 wt % Fs
alloy.

Fig. 38. Specimen No. CP-15-1, Inconel-X-clad U-5 wt % Fs-2.5 wt % Zr Alloy, after
4.8 at. % Burnup at Central Fuel Temperature of 650°C. Cladding failed in a
characteristically brittle manner. Mag. 2X. Neg. No. MSD-160605.
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TABLE XIII. Results of Microscopic Measurements
on Transverse Sections of Jacketed U-Fs Alloy

Max Depth of

Fuel Void Fuel/Cladding

Specimen Composition, Cladding Size, Reaction Zone,
No. wt % Material " mils
13-2 U-5 Fs Niobium 30 None
14-2 U-5 Fs Niobium 120 BT
14-3 U-5Fs Vanadium 100 356
15-2 U-5 Fs-2.5 Zr Niobium 46 6.1
15-4 U-5 Fs-2.5 Zr V-10 wt % Ti- 64 ilE

3 wt % Nb
15-5 U-5¥s-2.5 Zr Vanadium 28 1.4
Fig. 39

Transverse Sectionof Specimen No. 14-3,
Vanadium-Clad U-5 wt % Fs Alloy,
after 5.3 at. % Burnup at Central Fuel
Temperature of 700°C. Mag. 17X. ANL
Neg. No. 106-6788.

Fig. 40

Pore Coalescence in U-5 wt % Fs Alloy Irradiated to
5.3 at. % Burnup at 700°C. (Specimen No.CP-14-2.)
Mag. 200X. Neg. No. MSD-160607.
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v . - i Cladding

Fig. 41

Typical Reaction Zone between U-

5 wt % Fs Alloy and Niobium Clad-
ding. (Specimen No. 14-2.) Mag. 400X.
Neg. No. MSD-160608.

Fuel

Cladding
Fig. 42
Typical Reaction Zone between
U-5 wt% Fs Alloy and Vanadium
Cladding. (Specimen No. 14-3.)
Mag.400X. Neg.No.MSD-160612.
Fuel

The U-5 wt % Fs-2.5 wt % Zr alloy showed more extensive re-
action with niobium (see Fig. 43). Reaction zones as thick as 6 mils were
noted, only about 5 of the original 9 mils of cladding thickness remaining
unaffected. The layers were firmly attached to the fuel and cladding, as
evidenced by the fracture pattern shown in Fig. 44. Only slight reaction
occurred with vanadium and V-10 wt % Ti-3 wt % Nb alloy cladding (see
Figs. 45 and 46).

e

o Cladding

Fig. 43

Typical Reaction Zone between U-

5 wt % Fs-2.5 wt % Zr Alloy and
Niobium Cladding. (Specimen No.15-2.)
Mag. 200X. Neg. No. MSD-160613.
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] Cladding

Fig. 44

Cracking in Reaction Zone between U-
5 wt% Fs-2.5 wt% Zr Alloy and Nio-
bium Cladding. (Specimen No. 15-2.)
Mag. 200X. Neg. No. MSD-160609.

Fuel

I — Cladding
; ‘
Fig. 45
Typical Reaction Zone between U-5wt %o
Fs—2.5wt % Zr Alloy and Vanadium Clad-
ding. Crack is evident in the cladding.

(Specimen No. 15-5.) Mag. 200X. Neg.
No. MSD-160611.

Fuel

Cladding

Fig. 46

Typical Reaction Zone between 1=
5 wt % Fs-2.5 wt % Zr Alloy and V-
10 wt % Ti-3 wt % Nb Alloy Cladding.
(Specimen No. 15-4.) Mag. 200X.
Neg. No. MSD-160610.
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VI. CONCLUSIONS
The following conclusions can be drawn from this investigation:

1. The U-5wt% Fs alloy used as driver fuel is among the uranium-
base alloys most capable of resisting high-temperature irradiation swelling.

2. None of the other alloys irradiated, including those with higher
fissium and zirconium contents, showed a generally greater resistance to
swelling under irradiation than the U-5 wt % F's alloy.

3. No evidence of reversion to gamma phase was seen in any of
alloys irradiated.

4. Specimens of each alloy decreased significantly in density when
thermally cycled between the alpha and the alpha-plus-gamma temperature
fields. In addition, slight anisotropic growth occurred in the alloy composi-
tions that are predominantly alpha phase in the as-cast condition.

5. DPostirradiation annealing tests of the alloys showed that the U-
5 wt % alloy swelled most rapidly in the range 575-650°C.

6. Irradiation of the U-5 wt % Fs and U-5 wt % Fs-2.5 wt % Zr
alloys with sodium-bonded cladding showed that (a) swelling of the alloys
was effectively restrained by most of the 0.009-in.-thick cladding materials
investigated; (b) the fuel developed local hydrostatic pressures that were
capable of extruding the fuel alloy extensively out of small holes in the
cladding; and (c) little axial movement of the fuel occurred within the clad-
ding, even when the fuel was entirely unrestrained at its upper surface.
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